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Moisture found within homes can impact microbial growth in dust and contribute to 
negative human health effects. There are mathematical models of the adsorption of 
moisture on outdoor particles, but there is currently no mathematical model for moisture 
uptake and microbial growth in dust within homes. The goal of this research was to use 
an atmospheric mathematical model to inform a model for indoor dust to predict moisture 
uptake. Thermodynamic and kinetic models were utilized with Arizona Test Dust, a well 
characterized model dust. To compare to the thermodynamic models, the dust was 
incubated at equilibrium relative humidity conditions from 50-100% in intervals of 10% 
for 1-day increments. Two thermodynamic models were evaluated, one using values 
obtained from literature (Model A), and the other using values based on our experimental 
data (Model B). To compare to the kinetic model, we increased the relative humidity 
from 50% to 100%, and tested at time points up to 6 hours. Two kinetic models were 
used, one modeled as spherical particles and the other based on a planar sample. Water 
activity and water content were used to infer water intake. Mass ratios and differences 
were measured to compare to the previous atmospheric models. The thermodynamic 
experiments resulted in an exponential curve, similar to the model, however the mass 
ratio in the model was approximately 70% higher than the results at 100% ERH, 20% 
higher at 90% ERH, and 5% higher at 80% ERH for Model A. This demonstrates that the 
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dust is absorbing less water than predicted by the model. For Model B, all the samples 
were within 5% error at all ERH values, except for 100% ERH. The kinetic experiments 
resulted in the model and the observed data closely matching at 82% ERH when 
accounting for a planar model, but at 100% and 95% ERH, the equilibrium mass 
difference was double the model prediction. This could be due to condensation in the cup. 
A hysteresis effect was observed, showing that the dust retained water after reaching the 
100% ERH value. The growth of microbial species caused a decreased hysteresis effect. 
Future work will consist of further testing of the models with both the model dust and 
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Chapter 1. Introduction 
We spend 90% of our time indoors [1] where we are exposed to a diverse community of 
fungi and bacteria as well as chemical mixtures that can impact our health. These 
microorganisms and chemicals are present in dust, which is an important source of 
human exposure that can be resuspended from surfaces due to human activity [2]-[6]. 
Previous studies have indicated a correlation between moisture damage and mold within 
main living quarters and the risk of developing asthma in early childhood [7]. Although 
this correlation between moisture and asthma has been observed, these effects are not 
directly due to the water, and the mechanisms remain unclear [8]. The estimated cost of 
illness for asthma caused by dampness and mold in the United States is approximately 
$15.1 billion for asthma morbidity, and $1.7 billion for asthma mortality [9].  
 
Understanding how relative humidity and water availability affect water uptake, and 
therefore microbial growth in dust, is important for creating a more extensive 
characterization of the indoor environment. Parts of the population with asthma will 
benefit from this research, since rather than mitigating the problem through medication, 
we can focus on the environmental exposures, which will have a more direct effect. The 
new framework that will result from this study of how to predict microbial growth in 
indoor dust may be used to inform models in microbiology, ventilation, public health, and 
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policy. The availability of water is the limiting factor for microbial growth in the indoor 
environment. Microbial growth in dust indoors can be attributed to the amount of water 
the dust can uptake. The moisture in dust may be measured as water activity, which 
measures water availability and has previously been used in the food industry [10]. 
Therefore, water activity is more useful in describing microbial content rather than water 
content [10].  Water activity is related to the equilibrium RH (ERH), which is the RH of a 
product when exposed to the environmental RH [10]. We will refer to ERH for our dust 
and atmospheric interactions. 
 
Microbial growth may occur under elevated relative humidity conditions that can happen 
indoors and may contribute to half of human microbial exposure [11]. The “time-of-
wetness” concept states that the amount of microbial growth depends upon the time spent 
above a moisture availability threshold [12], and currently a mathematical model is being 
developed specifically for dust based on this model. However, there is no mathematical 
description of water uptake by indoor dust.  
 
Different models have been developed in the past for interactions between water and 
atmospheric particles. The chemical composition of airborne particles affects gas-liquid 
equilibrium for the moisture, and therefore affects the mass of the particles [13]. 
Understanding the amount of water in airborne particles has important implications for 
cloud formation, visibility degradation, and aqueous chemistry [14]. Water uptake for 
airborne particles may occur as absorption or adsorption and the sorption is dependent on 
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the phase of the particles. Liquid particles gradually absorb water while solid particles 
absorb water spontaneously and become an aqueous solution at a deliquescence RH with 
increasing RH [13]. In desorption, with decreasing RH, hysteresis occurs, showing that 
the particle will retain some liquid after reaching the deliquescence RH [13]. According 
to literature, hysteresis may be altered from different compounds and the presence of 
organic compounds [15], [16]. 
 
The atmospheric models include a thermodynamic model, which accounts for the relative 
humidity, and uses hygroscopicity (κ) to represent the water activity as proposed by 
Petters and Kreidenweis [14]. The thermodynamic model can describe the equilibrium 
amount of water contained in the dust at a particular relative humidity level. Higher κ 
values point towards hydrophilic substances, and lower values are associated with 
hydrophobic substances. Hydrophilic substances interact well with and can absorb water, 
while hydrophobic substances do not exhibit the same behaviors. Dust mites and quartz 
particles are hydrophilic, while cat fur and dog fur, and some human skin cells are 
hydrophobic. Dust resuspension is heavily influenced by a particles ability to absorb 
water as well. It has been found that increasing RH can decrease resuspension for 
hydrophilic substances to form film adhesion layers [17]. Particle diameter is also 
important, as supermicron particles like mineral dust [18]-[20] have low κ values but take 
up relatively large amounts of water due to their size. Sometimes water uptake may be 
kinetically limited [21, 22], and thus the time rate of change of a particle’s diameter must 
be considered.  Kinetic models are able to predict the time required to absorb a certain 
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amount water. However, the existing models based on atmospheric particles have not yet 
been extended to indoor dust. 
 
The main goal of this work is to develop a mathematical model to represent water uptake 
by indoor dust. Indoor dust particles generally have a similar composition to atmospheric 
particles, containing chemical species like minerals [23, 24], trace metals [23]-[25], and 
organic compounds [25]-[29], and biological components [30]-[37]. However, the 
specific chemicals within the dust may be vastly different than in the atmosphere though, 
as well as the biological components, including human skin cells, dust mites, and animal 
dander. However, due to the high-level similarities, we still expect the dust to still behave 




Chapter 2. Materials and Methods 
Chamber experiments were utilized to test both thermodynamic and kinetic models of 
moisture uptake in indoor dust. For these chamber experiments, a well-characterized 
model dust was used to determine which model best represented the water uptake of the 
dust. For the thermodynamic model experiments we allowed the dust to reach 
equilibrium and measured the masses at the equilibrium points. The kinetic experiments 
included measuring the mass of the dust as it was exposed to heightened RH conditions 
until it reached the equilibrium point.  
 
Arizona Test Dust 
 
The model dust, called Arizona Test Dust, has been well characterized. The size 
distributions for the four classes of dust are provided in Figure 1, and was certified by the 
vendor (Powder Technology, Inc., Arden Hills, MN). Based on previous work, class A4 
is the most representative of indoor dust due to the size distributions being coarser [24], 
while A2 is a finer dust. A2 and A4 class dusts were received from the vendor, to allow 
for comparison between coarser and finer dusts in the experiments. Arizona Test Dust is 
comprised mainly of silica (69-77% by weight) and aluminum oxide (8-14%). The 
inferred κ value, which Koehler et al. [18] interpreted from results from Vlasenko et al. 
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[39], is 0.025. The density of the dust, as provided by the vendor, is 2.65 g cm-3. This 
allows for Arizona Test Dust to be utilized to select the appropriate model 




Chamber experiments consistent with previous protocols were conducted with the model 
dust [11], where samples of dust were incubated at 25 °C in 3.8 L jars with relative 
humidity being controlled in each chamber. The RH in the chamber is an equilibrium RH 
(ERH) as it is in contact with the dust. The cups that the model dust samples were placed 
in was covered in tinfoil that was baked at 550 °C and any containers were autoclaved to 
provide a sterile environment. The top of each glass jar was covered with parafilm. The 
ERH control chamber the dust was incubated in can be seen in Figure 1, and the Arizona 




Figure 1: ERH control chamber setup. Inside of the chamber is the salt solution and the 




Figure 2: Arizona Test Dust in the sampling cup. This cup is used with the water activity 
meter to test the water activity. Baked aluminum foil is placed in the cup or sterility. 
 
 
Salt solutions were made to control RH conditions inside of the chambers and utilized 
MgCl2 and NaCl. For 50, 60, and 70% ERH, 42.84, 37.76, and 30.76 grams of MgCl2 
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was added to 100 mL of DI water respectively. For 80, 85, 90, and 95% ERH, a total of 
30.21, 23.37, 17.21, and 13.11 grams of NaCl was added to 100 mL of DI, respectively. 
For 100% ERH 100 mL of deionized water was used. 100 mL of the salt solutions were 
placed inside of the chambers to simulate the different ERH conditions. The water 
activity of each salt solution and dust sample was measured on an Aqualab 4TE Dew 
Point Water Activity Meter (Decagon Devices, Pullman, WA, USA). Salt solutions were 
adjusted if needed after measurement of water activity. Onset HOBO loggers (Bourne, 




First, we wanted to evaluate the validity of the thermodynamic model. The dust was 
incubated at ERH from 50-100% in intervals of 10% for 1-day increments. Setting the 
sample to sit in the chamber for 1 day allowed it to reach an equilibrium point where the 
condensation and evaporation rates are equal, so there would be no additional net uptake. 
After each equilibrium point was reached, the mass and the water activity were measured, 
and then the sample was placed into the next chamber. Mass ratios, using 50% ERH as 
the base value, were calculated to compare to the atmospheric models. This mass ratio 
was used in order to ensure that every mass value at the succeeding ERH levels was 
normalized using the mass obtained at 50% ERH. 50% ERH was chosen because it 
represented a recommended indoor RH level by the EPA [40]. After reaching 100% 
ERH, we placed the dust in the lower ERH conditions until it reached 50% again, to 
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observe the hysteresis effect. Each sample was run in triplicate, with three samples in a 
jar. Two trials were run simultaneously. The timeline for the thermodynamic experiment 
for the A2 and A4 dust trials is shown in Table 1. 
 
 
Table 1: Thermodynamic sampling timeline. This timeline shows the process for 
sampling 2 samples in triplicate, including when the dust was placed in the chamber and 




We analyzed the two different types of dust (A4 and A2) to determine if particle size of 
the dust would affect the results. Similarly, different mass amounts of the A4 and A2 dust 
were analyzed, to determine if the mass in the cup affected the water uptake. A4 dust is a 
coarser dust and is supposed to simulate indoor dust more precisely than the finer A2 
dust. Equation 1 below was used for creating the model for predicting the mass ratio at 
different relative humidity levels. κ, refers to the hygroscopicity, which according to 
literature is approximately 0.025 for Arizona Test Dust [18]. This value is for 
resuspended dust in the atmosphere, and the Solver function in Excel was used to find a 
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better fitting value between the trials based on our experimental data. The κ was then 
multiplied by the ratio of the density of water (1 g cm-3) and the density of the Arizona 
Test Dust (2.65 g cm-3). The equation solves for the predicted mass ratio of dust at a 
specific ERH as compared to dried out dust. To normalize the model for 50% ERH as the 














As with the thermodynamic model, we also wanted to evaluate the validity of the kinetic 
model. We began with a resting value of 50% ERH, moved the dust to a higher ERH, and 
tested different time points until the equilibrium point was reached. Equilibrium points 
were reached at approximately 3-4 hours, and time points were taken about every 5 
minutes for the first hour, and every 30 minutes to one hour thereafter. At each of these 
time points, the parafilm would be removed, and we would quickly take water activity 
and mass values of the sample before placing it back in the relative humidity chamber. 
These samples were also run in triplicate, however not simultaneously, due to the time 
sensitivity. Also, for these experiments we only used A4 dust to more closely model 
indoor dust. A homogeneous mixture was assumed for the model dust, so multiple 
replicates of a sample could be utilized in the analysis for a model comparison, due to the 
nature of the chamber, and how much time the sample would spend exposed to ambient 
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air for sampling. The experiment was run for 82%, 95%, and 100% ERH.  Equation 2 
below describes mass transfer to a spherical particle. For A4 dust, dp,dry (the approximate 
mass mean diameter) is 40 m, and the number of particles (N) is approximately 2 x 107 
particles. We also added a scaling factor of 4 x 10-6 to this equation because not all the 






3 (𝑡) − 𝑑𝑝,𝑑𝑟𝑦
3 )𝑁     (2) 
 
Equation 3 below describes mass transfer to a planar surface. In the equation, mw is the 
mass of water adsorbed to the dust, mdust is the mass of dust, km is the mass transfer 
coefficient, A is the surface area of the dust, ρdust is the density of the dust, ρw is the 
density of water, pvap(T) is the saturation vapor pressure of water at temperature T, Mw is 
the molar mass of water, R is the ideal gas constant, T is the temperature, and S is the 






















Microbial Growth Preliminary Trials 
 
One of the future goals of this project is to create a model to determine how water uptake 
effects microbial growth in the dust, and conversely, how microbial growth might affect 
the water uptake and how the microbes and moisture interact. Indoor dust samples were 
collected from vacuum bags from 2 different homes and sieved to produce a finer dust. 
These samples were then put through chamber experiments using the thermodynamic 
setup to create a baseline for comparison, and then placed into a 100% ERH chamber for 
2 weeks. These 2 weeks allowed for microbes and fungi to grow on the dust when 
exposed to the extreme ERH conditions. After, the thermodynamic set up was performed 




Chapter 3.  Results 
Thermodynamic Experiments 
 
The thermodynamic experiments resulted in an exponential curve, which is the same 
shape as the model. Each trial of dusts sampled can be seen in Figures 3 and 4 below, 
with the ERH on the x-axis, and the mass ratio on the y-axis. This mass ratio was created 
utilizing the mass at 50% ERH as the base value. The water activity of the dust ranged 
from being 4% higher than the ERH in the chamber at 50%, to 10% lower at 100% ERH. 
Variability between replicates was low from 0.03%-1% coefficient of variation. The 
water activity readings were more inconsistent for the samples with 0.5 g of material 
compared those with 2 g. When comparing the experimental values to the original model, 
represented by Model A (Figures 3 and 4), the κ value was set at 0.025 to match 
literature. This value, as noted earlier, describes the resuspended dust rather than the dust 
on the ground, so this value could be different. A second model was used by creating a 
best fit line for all the sample trials. The calculated value for κ was 0.003425, represented 
by Model B. For Model A, the mass ratio in the model was approximately 70% higher 
than the results at 100% ERH, 20% higher at 90% ERH, and 5% higher at 80% ERH. 
This shows that the dust was not taking up as much water as expected. For Model B, the 
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error margin was within 5% for all relative humidity values below 95%. 100% ERH was 
undefined due to the equation for the model. 
 
 
Figure 3: Thermodynamic Model Comparisons with Arizona Test Dust, A4 Dust. The 
sample experiments are plotted on the same axes as two models calculated with different 
kappa values. The y-axis represents the mass ratios of the dust, and the x-axis is the 
relative humidity. (A) 0.5 g of A4 dust in the cup. (B) 1 g of A4 dust in the cup. (C) 2 g 







Figure 4: Thermodynamic Model Comparisons with Arizona Test Dust, A2 Dust. (A) 0.5 




Most of the samples observed displayed some hysteresis (Figures 5 and 6). The 0.5 g A4 
sample did not demonstrate hysteresis (Figure 5). Hysteresis was observed starting 
around 90% ERH for the Arizona Test Dust, as evidenced by many of the samples having 





Figure 5: Hysteresis plots for the thermodynamic experiments for A4 dust. The mass ratio 
values when exposed to increasing RH are plotted with the mass ratio values from 
decreasing RH to determine if hysteresis occurs, and at what RH. Same axes as the 
thermodynamic model comparisons. (A) 0.5 g of A4 dust in the cup. (B) 1 g of A4 dust in 






Figure 6: Hysteresis plots for the thermodynamic experiments for A2 dust. (A) 0.5 g of 





The planar model and the experimental data closely matched in the kinetic experiments 
conducted at 82% ERH (Figure 7). In the figures, the x-axis represents the elapsed time 
from the start of the experiment, and the y-axis represents the mass of water within the 
sample. This value was determined by calculating the difference between the mass of the 
sample at the elapsed time and the mass of the sample at the base value of 50% ERH at 
the initial time point. The mass difference data matched both the spherical and planar 
model closely for the first hour at 82%, 95%, and 100% ERH. At 95% ERH (Figure 6) 
the experimental data had an equilibrium point above the planar model, and below the 
spherical model. For the 100% RH experiments, in Figure 6, the data overpredicted for 
the planar model throughout the modelling time. For the 100 % ERH experiments, the 
equilibrium mass difference was double the model prediction.  
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Figure 7: Kinetic Model Comparisons with 2 g of A4 dust. The sample experiments are 
plotted on the same axes as two models calculated with different surface areas. The y-
axis represents the mass gain of the dust, and the x-axis is the elapsed time. (A) 82% 









Microbial Growth Preliminary Trials 
 
The results of the microbial growth experiments demonstrated a hysteresis effect with the 
indoor dust without microbial growth (Figure 8). There was separation between the 
ascending and descending lines. The hysteresis effect is also present in atmospheric 
particle models. Thus, after the dust reached equilibrium at 100% ERH, there was 
residual water content that stayed within the dust even after it reached equilibrium at the 
lower relative humidity values. We also saw substantial variability between Site A and 
Site B, indicating the possibility that different microbial content can affect the water 





Figure 8: Thermodynamic hysteresis plots using indoor dust. The plots before allowing 
for fungal growth are on the left, and the plots after letting fungal growth occur are on the 
right. (A) First site hysteresis plot before microbial/fungal growth. (B) First site 
hysteresis plot after microbial/fungal growth. (C) Second site hysteresis plot before 




Chapter 4. Discussion 
Under elevated RH conditions, there were observable trends for both the thermodynamic 
and kinetic chamber experiments similar to those exhibited by atmospheric particles. The 
chemical and biological composition of dust and atmospheric particles are similar at a 
high level [23-37] but have some specific chemical differences and biological 
components like human skin cells, dust mites, and animal dander. The Arizona Test Dust 
we used for our experiments are finer than actual indoor dust, and do not have the same 
levels of biological and chemical components. The A4 class of dust matches closely for 




The experimental data observed from the chamber experiments utilizing the 
thermodynamic equilibrium approach resulted in an exponential growth of the mass ratio 
as ERH increased. This is consistent with the exponential trend of the atmospheric 
models, but the model made from the given κ overpredicted the mass ratio growth. The 
model that used the calculated κ value from the Solver function in Excel matched the 
experimental data very well. This could indicate the need for a correction factor in the 
model, caused by the different composition and orientation of the dust in the cup. Dust 
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within the cup has a higher surface area and more depth than an atmospheric particle, so 
the need for some correction to the model is expected. The A4 dust was more consistent 
with the model than the A2 dust, which is consistent with the A4 class being like indoor 
dust. Additionally, the A2 dust has a surface-to-volume ratio due to the finer particle size, 
therefore it more readily absorbs the water from the atmosphere. The mass of the dust in 
the cup was also an important factor, since at lower mass values (under 2 grams), the 
measurements were more inconsistent, and we were unable to take accurate water activity 
readings. The results from these experiments provide a good basis for the development of 
a model that could predict the water uptake of indoor dust.   
 
The hysteresis graphs formed from the data were consistent with literature describing this 
effect, with 4 of the dust trials showing this effect, and 2 of them not [13]. The two that 
did not display hysteresis were the lower mass samples, so there could have been some 
measurement error. More trials need to be conducted with the model dust and indoor dust 




The experimental data observed from the chamber experiments utilizing the kinetic time-
step approach resulted in a rapid growth of the mass difference with time until it reached 
its equilibrium. This was consistent for the three ERH values tested. The consistency with 
the models was varied for the different ERH conditions. For 82% ERH, the data matched 
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both models for the first hour, then reached the same equilibrium as the planar model. For 
95% ERH, the data matched both models for the first 30 minutes, then continued past the 
theoretical maximum water uptake for the planar model and matched the spherical model 
for the first hour. The dust then reached its equilibrium point at approximately 0.017 
grams, about 0.007 grams higher than the theoretical. The results for 100% ERH were 
similar to the 95% results, except the dust reached a higher equilibrium point of 
approximately 0.024 grams, more than double the theoretical limit. This could be due to 
condensation onto the foil cup with the high ERH conditions. Kinetic experiments for 
other ERH values between 80% and 95% ERH should be conducted to determine if there 
is an observable spontaneous increase in mass difference, possibly linked to the 
deliquescence RH.  
 
Microbial Growth Preliminary Trials 
 
The hysteresis effect observed in the results from the indoor dust before allowing for 
microbial and fungal growth were consistent with previous literature and showed that the 
dust had reached its deliquescence RH [13]. After reaching this deliquescence RH, the 
dust retained moisture while going through desorption, possibly due to becoming an 
aqueous solution after exposure to the high RH conditions. After allowing for the fungal 
and microbial growth in the dust, both indoor samples exhibited less of a hysteresis effect 
in desorption, which is consistent with literature stating that different microbes and 
organic compounds can influence deliquescence and hysteresis [13], [14]. These results 
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show that the microbial and fungal growth affect how dust and moisture interact and 




The main limitations present within this project pertained to human error within the 
experiments, spacing for the number of chambers needed, timing, and the difficulty of the 
chamber experiment set up. The kinetic experiments required quick sample 
measurements, so the sample would not be exposed to the air for too long while outside 
of the relative humidity chamber.  To limit this error, we could create a larger relative 
humidity chamber, big enough to fit all the instrumentation required for the experiments. 
There was also the possibility of losses of dust when transferring the cups from the 
chamber to the water activity meter, and then to the mass balance.  The models also have 
limitations, since they are for the atmospheric particles, rather than dust particles. 
Although they have similar compositions at a high level, there is still some possibility of 
certain biological and chemical components being more prevalent in dust, possibly 
affecting the accuracy of the models. Also, the way the dust is stacked within the cup for 
the experiments could affect the water absorption, thus further influencing the results. To 
further test the validity and adjust the models, more trials with the model dust should be 
conducted, and then indoor dust trials. 
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Chapter 5. Conclusion 
Arizona Test Dust growth when exposed to elevated relative humidity conditions have a 
similar trend to the models exhibited by models for atmospheric particle growth. We also 
observed the hysteresis effect in dust for both Arizona Test Dust and indoor dust samples 
with decreasing relative humidity conditions. Understanding these growth trends and 
creating models for them will help with further characterization of the indoor 
environment and could lead to the creation of models to help in the prediction of 
microbial and fungal growth when exposed to moisture. This study provides a 
preliminary analysis into the creation of these models to be utilized for future studies. 
Future work can expand upon this study by conducting more chamber experiments with 
the Arizona Test Dust at different ERH levels and comparing them to completely dry dust 
conditions, then comparing to the atmospheric models, and creating a model that can 
accurately predict the trends in the Arizona Test Dust. Future work should also include 
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